We present a calibration approach for the Sea-Viewing Wide Field-of-View Sensor ͑SeaWiFS͒ based on the reflectance properties of the instrument's onboard diffuser. This technique uses SeaWiFS as a reflectometer, measuring the reflected solar irradiance from the Earth and from the onboard diffuser. Because the Sun is the common source of light for both measurements, the ratio of the SeaWiFSmeasured radiances from the Earth and the diffuser provide the ratio for the reflectances of the two samples. The reflectance characterization of the onboard diffuser is the calibration reference for this approach. Knowledge of the value of the solar irradiance is not required for these measurements because it falls out of the ratio. Knowledge of the absolute calibration coefficient for the SeaWiFS measurements of each of the two samples is not required either. Instead, the result of the ratioing technique is based on the linearity of the instrument's response to the intensity of the input light. The calibration requires knowledge, however, of the reflectance of the onboard diffuser at the start of the SeaWiFS mission and the response of the instrument bands, in digital numbers, for measurements of the diffuser at that time.
Introduction
The Sea-Viewing Wide Field-of-View Sensor ͑Sea-WiFS͒ measures the upwelling Earth flux at wavelengths from 412 to 865 nm. Over this wavelength range, the flux comes from scattered sunlight. When the external light source is missing, such as on moonless nights, the Earth is essentially black in the visible and near infrared, except for anthropogenic illumination sources. Basically, the Earth behaves as a diffuse reflector for sunlight over these wavelengths, although the individual parts of this process can be quite complicated. This is the basis for the concept of remote sensing reflectance, 1,2 which is fundamental to measurements over the SeaWiFS wavelengths. For example, ocean chlorophyll is derived from a reflectance measurement, that is, from a measurement of scattered solar flux by phytoplankton after absorption by chlorophyll. In addition, properties of the land and atmosphere over these wavelengths are determined by remote sensing reflectance.
SeaWiFS measures the upwelling Earth flux as radiance because the Earth overfills the field of view of each SeaWiFS measurement. Thus SeaWiFS was calibrated in the laboratory with a large-aperture integrating sphere as a source of known radiance. 3 SeaWiFS measurements on orbit are tied directly to this laboratory source. 4 However, alternative calibration techniques by use of the Sun as the light source are possible. For example, the ground-based prelaunch calibration of SeaWiFS was performed outdoors, 5, 6 where reflected sunlight from the SeaWiFS onboard diffuser provided the calibrated source of radiance. This calibration required knowledge of the reflecting properties of the SeaWiFS diffuser plus knowledge of the absolute value of the solar irradiance at the instrument's input aperture.
In addition, it is possible to calibrate SeaWiFS by use of the reflecting properties of the SeaWiFS diffuser without knowledge of the magnitude of the solar irradiance. This is the reflectance-based calibration of SeaWiFS. When this calibration is applied, SeaWiFS operates as a reflectometer, viewing the reflected solar flux from both the Earth and the onboard diffuser. Because the Sun is the common source of irradiance for both diffuse reflectors, the ratio of the two SeaWiFS measurements is also the ratio of the two reflectances. The reflectance-based calibration of SeaWiFS allows the direct determination of the remote sensing reflectance of the Earth, relative to the reflectance of the SeaWiFS onboard diffuser. It does not require knowledge of the absolute value of the flux from either the Sun or from an integrating sphere in the laboratory. However, the reflectance-based calibration does require the solar flux to be constant during the time between the two measurements in the ratio. This appears to be the case. Frölich 7 shows the solar constant to vary by approximately 0.2% over the course of a 22-year solar cycle. In addition, the reflectance-based calibration does not require knowledge of the calibrated radiances for the SeaWiFS measurements because the measurements are applied as a ratio. Instead, it is sufficient to know that the instrument output, in digital numbers ͑DNs͒, is a linear function of the input radiance as shown in Barnes et al. 8 Of course, it is also necessary to know other instrument characteristics, such as the relative spectral response. 4 The reflectance-based calibration has three basic parts. The first is the laboratory characterization of the bidirectional reflectance distribution function ͑BRDF͒ of the onboard diffuser for the eight SeaWiFS bands. This is a system-level characterization of the diffuser and the diffuser assembly by use of an external light source and a pressed polytetrafluoroethylene ͑PTFE͒ diffuser as the calibration reference, as described in Section 3. The second part is the determination of changes, if any, in the diffuser BRDF from the time of the laboratory characterization to the start of the instrument's on-orbit operations. This is described in Section 4. The final part is the determination of diffuser changes since the start of on-orbit operations. This is described in Section 5. In addition, in Section 5 we describe the calculation of the eight instrument outputs, in DNs, at the start of the SeaWiFS mission. These values are an integral part of the reflectance-based calibration coefficients ͑see Section 7͒. In Sections 4 and 5 we use both system-level characterizations of the diffuserdiffuser assembly, with the Sun providing the input irradiance and the SeaWiFS instrument measuring the output radiance.
Instrument Description
SeaWiFS is an eight-band filter radiometer designed to monitor Earth-exiting radiances from ocean scenes. The nominal center wavelengths for the SeaWiFS bands are given in Table 1 . The sensor's instantaneous field of view is 1.6 mrad by 1.6 mrad per pixel, with one scan covering 58.3°on either side of nadir. From a measurement altitude of 705 km, this gives Earth measurements, at nadir, that are 1.1 km on a side. SeaWiFS can be set to ϩ20°, 0°, or Ϫ20°from nadir in the direction of flight to minimize the effects of ocean glint on the data. Each measurement is digitized to 10 bits, with a typical signal level of 600 DNs and a noise of 1 DN or less. The results of the prelaunch characterization of SeaWiFS are summarized in Barnes et al. 8 SeaWiFS consists of a scanner, which contains the optics, detectors, preamplifiers, and scan mechanisms, and the electronics module, which contains the signal conditioning, command and telemetry, and power supply electronics. The SeaWiFS scanner is illustrated in Fig. 1 . Light first strikes the primary mirror, an off-axis parabola, and then is reflected from a second surface polarization scrambler and from the half-angle mirror before reaching the field stop. The telescope primary mirror and the polarization scrambler are mounted on a cylinder that rotates six times per second. Both the telescope mirror and the entrance aperture on the cylinder have diameters of 10 cm. The half-angle mirror removes the rotation of the image from the scan of the telescope. It rotates at exactly half the rate of the telescope and polarization scrambler and uses alternating sides on successive telescope scans. The field stop, located at the entrance to the aft optics, is 50% larger than the detectors and restricts light through the system. After the field stop, the light is collimated by another off-axis paraboloid and directed to the aft optics assembly. Dichroic beam splitters in the aft optics divert the light into four focal-plane assemblies, each containing two spectral bands delineated by narrowband interference filters in close proximity to the detectors. The measurements from the eight bands are acquired simultaneously and are coregistered on the Earth's surface to within one-half pixel. 8 Two instrument bands, each with four detectors aligned in the scan direction, form a focal plane. Consequently, a point at the ground is seen successively by the four detectors. The outputs from the four detectors in each band are added by a time delay and integration technique to improve the signal-tonoise ratios. The signal from each detector is amplified, processed through a selectable gain stage, and digitized with a 12-bit analog-to-digital converter. The four digital outputs from a band are appropriately delayed, summed to obtain the digital-to-noise advantage, truncated to 10 bits, and transmitted to the ground by the Orbview-2 spacecraft. Use of time delay and integration has improved the signal-tonoise ratios of the SeaWiFS measurements by approximately a factor of 2. It is used in place of electronic averaging devices, such as integrating capacitors, which can also serve to improve signal-tonoise ratios. In addition, the time delay and integration design feature has been used to give SeaWiFS the ability 3, 9 to make measurements of land and bright clouds, in addition to measurements of the oceans, which are significantly darker.
Measurements of the Sun are made with the primary telescope mirror rotated 90°from nadir ͑see Fig. 1͒ . The solar diffuser ͑also called the solar calibrator͒ is pointed aft of the sensor's direction of flight. The diffuser views the Sun as the spacecraft passes over the Earth's South Pole because the spacecraft has a descending equatorial crossing. A baffle at the entrance of the diffuser assembly limits the field of view to Ϯ11°, minimizing the diffuser's exposure to the solar flux. Figure 2 is an illustration of the diffuser assembly mounted to the SeaWiFS scanner. Here the primary telescope is aligned for a nadir view. Also in Fig. 2 , sunlight enters the diffuser assembly from the right. The sunlight passes through the attenuator plate ͑also called the mask͒ and is scattered off the diffuser before entering the instrument to the left. The diffuser plate itself is part of the diffuser housing. It is painted on the inside surface of the housing, behind the diffuser cover in Fig. 2 . Figure 2 shows the back of the diffuser cover, which is also painted and acts as a secondary diffuser. The cover has a spring-loaded hinge at its bottom and is held in the vertical position by a solenoid actuator. When the one-time actuator releases the cover, the diffuser cover rotates into the page and comes to rest on the bottom of the housing. The diffuser has a nominal illumination angle of 60°t o avoid specular glints from its surface and to reduce the flux density on the diffuser plate by a factor of 2. The plate and the diffuser cover both have coatings of YB-71 paint. The wavelength dependence of the reflectivity of a YB-71-coated plate is essentially flat over the wavelength range of the SeaWiFS bands. 10 The attenuator is a flat-black anodized aluminum aperture plate with holes that reduce the solar flux on the diffuser. The hole size, 1.0 mm in diameter, and the spacing of the holes, 2.5 mm between centers in a grid pattern, ensure that images of the Sun partially overlap on the diffuser, providing a uniformly illuminated surface. The pattern of the aperture holes is rotated 35°with respect to the Sun's path across the diffuser to reduce striping of the diffuser by photolyzed contaminants over the lifetime of the SeaWiFS mission. The distance between the attenuator plate and the diffuser is such that reflections from the back of the attenuator onto the diffuser account for less than 1% of the total illumination.
The attenuator plate has a uniform thickness of 2.5 mm and is tilted by 30°from the entrance plane of the diffuser housing. This design reduces the glint from the attenuator plate on the diffuser, and it reduces the illumination variations as the incidence angle of the Sun changes over the seasons. 11 Over each SeaWiFS orbit, the instrument rotates ͑pitches͒ through 360°. However, because of the inclination of the Earth's axis to the plane of the Earth's orbit and because of the inclination of the satellite's orbit about the Earth, there is also a relative motion of the solar incidence angle in one of the axes normal to the rotation in pitch ͑the yaw axis͒. This motion has a range of approximately Ϯ6°, and it is the change in the transmission of the attenuator plate over this angular range that the tilted attenuator plate reduces 11 ͑see Fig. 3͒ . Overall, the effective BRDF of the SeaWiFS diffuser is smaller than that of the PTFE diffuser by approximately a factor of 10.
As discussed here, the SeaWiFS instrument and the Orbview-2 spacecraft are described in Cartesian coordinates, that is, in terms of their x, y, and z axes. For measurements of the Earth, the nadir view of the Earth is in the ϩx direction, and the instrument flies along its orbital trajectory in the ϩy direction. Nadir pointing is accomplished when the orientation of the instrument plane ͑the y, z plane͒ that is normal to the nadir ͑the ϩx͒ direction is maintained. To main- tain nadir pointing throughout the orbit, the spacecraft pitches ͑rotates about the z axis͒ through 360°, while the spacecraft roll ͑rotation about the y axis͒ remains fixed. Alignment along the orbital trajectory is accomplished when the instrument plane ͑the x, z plane͒ that is normal to the spacecraft flight ͑the ϩy͒ direction is maintained. To maintain this orientation, the spacecraft yaw ͑rotation about the nadir-pointing axis͒ also remains constant.
The input aperture for the SeaWiFS diffuser assembly is part of the x, z plane at the aft of the instrument. In this orientation, the input aperture is normal to spacecraft's Ϫy axis. For the laboratory characterization of the SeaWiFS diffuser assembly ͑see Section 3͒, the irradiance source was aligned with the instrument's Ϫy axis. In other words, the pitch and yaw angles were both set to zero. For measurements on orbit, the solar irradiance must also be aligned with the spacecraft's Ϫy axis. And for solar measurements, it is possible to select the time of the measurement so that the pitch angle is close to zero. However, the yaw angle relative to the Sun can vary by Ϯ6°over the course of each year. This variation is a consideration in the design of the attenuator plate. It is also a consideration in the determination of diffuser changes on orbit ͑see Section 5͒.
Laboratory Measurements
The laboratory characterization of the SeaWiFS diffuser has been described previously, 12 including the complete measurement equation for reflectance. In summary, that characterization is based on the simplified reflectance equation,
where F ͑ I , I ͒ is the BRDF at wavelength for a fixed set of scattering angles and where I and I are the incident azimuthal and zenith angles, respectively. The units for the BRDF are inverse steradians, and the zenith angle is given with respect to the normal to the scattering surface. In Eq. ͑1͒, L is the scattered spectral radiance at wavelength , and E is the incident spectral irradiance. For the SeaWiFS Project, the units for spectral radiance ͑L ͒ are mW cm Ϫ2 sr Ϫ1 m Ϫ1 and the units for spectral irradiance ͑E ͒ are mW cm Ϫ2 m
Ϫ1
. The term cos͑ I ͒ is the effect of the projection of the incident radiation when it is not normal to the surface. This applies whenever the illuminated area on the surface overfills the field of view of the instrument that measures the reflected radiation.
The angles in Eq. ͑1͒ are given in polar coordinates. This is the standard formalism for BRDF measurements, and this is the formalism used in this section and Section 4. However, the laboratory characterization of the SeaWiFS diffuser and the SeaWiFS solar measurements on orbit are both made in terms of the instrument's Cartesian coordinate system. There is an angular transformation between the spacecraft's Cartesian coordinates and the polar coordinates from Eq. ͑1͒. However, it is not necessary to know that transformation if a consistent coordinate system is maintained for all SeaWiFS diffuser measurements.
The characterization of the SeaWiFS diffuser is based on Eq. ͑1͒. The end-to-end system-level characterization by the instrument manufacturer connected the instrument response for views of the diffuser to the instrument response for views of the Earth at instrument nadir. Determining the diffuser reflectance required two measurements. For the first measurement, the diffuser was illuminated normal to its input aperture with a source having an angular subtense similar to that of the Sun. The illumination source was a 1000-W FEL-type lamp placed approximately 300 cm from the instrument. For this measurement, the output from SeaWiFS gave the radiance scattered from the onboard diffuser.
In the second measurement, SeaWiFS was rotated to measure the reflected light from a second, external diffuser as if the instrument were viewing the Earth. The external diffuser was a pressed PTFE sample with a known BRDF. 13 In this measurement, the irradiance from the FEL lamp was normal to the PTFE surface, and SeaWiFS measured the scattered radiance at an angle of 45°from normal. For this measurement configuration, the cosine of the incident irradiance on the external PTFE diffuser was unity. Both laboratory measurements were made on the same day, and for both measurements, the lamp-diffuser distance was the same. For the first measurement, the distance was measured from the lamp to the input aperture of the SeaWiFS diffuser assembly. Because both SeaWiFS measurements used the same irradiance source at the same distance, the ratio of these two measurements is the Fig. 3 . Diffuser attenuator plate performance characteristics as predicted at the SeaWiFS Critical Design Review on 18 and 19 December 1991. 11 The solar yaw angles were predicted to have a range on orbit of approximately Ϯ6°about zero yaw at the input aperture of the diffuser assembly. At Ϯ6°, the transmittance of the attenuator plate was predicted to be approximately 96% of that at zero yaw.
ratio of the BRDF of the SeaWiFS diffuser to that of the PTFE diffuser.
For the laboratory characterization of the SeaWiFS diffuser, the scattered radiance from the onboard diffuser included instrumental factors, such as possible scattered light within the instrument cavity and the specific, nonnormal angle of the irradiance on the instrument diffuser itself. For the PTFE diffuser the angles of incidence and reflection were those used by Hsia and Weidner, 14 0°and 45°. They measured the BRDF of pressed PTFE to be 0.321 sr Ϫ1 at 550 nm. At other wavelengths, the BRDF of PTFE is obtained when the 550-nm value is multiplied by the relative ͑that is, the 550-nm normalized͒ 6-deg͞hemi-spherical spectral reflectance. 13 Over the wavelength range of SeaWiFS bands 3-8 ͑490, 510, 555, 670, 765, and 865 nm͒, the spectral reflectance of pressed PTFE is constant. For bands 1 and 2 ͑412 and 443 nm͒, the reflectance decreases by 0.1%.
As described above, the SeaWiFS instrument has two diffusers, with the second diffuser on a cover plate over the first. After more than four years on orbit, the cover remains in place, acting as the primary flight diffuser. The changes in the cover have been reasonably small ͑see Section 5͒, and it continues to function adequately. There were no laboratory measurements of the reflectance of the diffuser cover; however, during the ground measurements of the Sun with the diffuser, 5 the counts from the instrument were taken by use of the cover with the solar irradiance normal to the input aperture of the diffuser assembly. Immediately afterwards, the diffuser cover was rotated out of the optical path, and the counts from the instrument were taken with the diffuser. The ratios of the diffuser cover counts to the diffuser counts and the laboratory measurements of the diffuser BRDF were used to calculate the diffuser cover BRDF values. 6 The BRDF values for the diffuser cover are close to those for the diffuser itself. 6 The diffuser cover BRDF values, as presented in Barnes et al., 6 are shown in Fig. 4 . Figure 4 also includes 3% uncertainty estimates for the reflectance values for the SeaWiFS bands. As with all other uncertainties for the calibration of SeaWiFS, these values are given for k ϭ 1 ͑for one sigma͒.
The uncertainty for the reflectance measurements by the instrument manufacturer is difficult to assess. In a round-robin comparison of BRDF measurements, 15 the manufacturer's measurements of a pressed PTFE sample agreed with the National Institute of Standards and Technology values at an uncertainty level ͑k ϭ 1͒ of less than 1%. This comparison was performed several years after the calibration of SeaWiFS. However, it does represent the state of the art for reflectance measurements by an instrument manufacturer. For SeaWiFS, we have expanded this state-of-the-art uncertainty to 3% to account for alignment uncertainties in the laboratory calibration of the diffuser and for uncertainties in the transfer of the diffuser BRDF to the diffuser cover. In addition, the 3% uncertainty is the same as that for the radiance-based calibration of SeaWiFS in the laboratory. 4 The SeaWiFS diffuser assembly was characterized at the system level in the laboratory by an external irradiance source and an external reference diffuser. This characterization was done with the irradiance normal to the plane of the diffuser assembly's entrance aperture. A partial characterization of two SeaWiFS bands ͑bands 4 and 8͒ at other irradiance incidence angles was performed by the instrument manufacturer. 10 However, a complete characterization of the angular dependence for all eight bands was not required for compliance with the instrument's performance specifications, 8 so the angular characterization that is required for the reflectancebased calibration was performed on orbit ͑see Section 5͒.
Transfer-to-Orbit Experiment
SeaWiFS carries no internal reference source that can be measured before and after launch to detect calibration changes during the period between the laboratory calibration of the instrument and the start of on-orbit operations. For the SeaWiFS Project, the Sun is used as an external reference source, measured at the manufacturer's facility and again after launch, to detect instrument changes during this period. This is the SeaWiFS transfer-to-orbit experiment.
The experiment has been described previously, 12 so only a summary is presented here. In the transferto-orbit experiment, measurements of the solar irradiance are made from the ground before launch. With these measurements, the initial on-orbit response of the instrument, when viewing the Sun, is predicted. The difference between the predicted and the actual response on orbit gives a measure of the change in the instrument. Because the onboard diffuser is required for these measurements, the experiment measures the change in the instrumentdiffuser system. There is no mechanism in this experiment to separate changes in the diffuser from changes in the instrument. Geometric factors, primarily the incidence angles of the solar irradiance on the instrument during the two phases, are important. However, the experiment hinges on the quality of the atmospheric transmission measurements during the ground portion of the experiment because the atmosphere is the primary difference in the two experiment parts.
The solar measurements are based on the BRDF of the SeaWiFS diffuser, which is defined in Eq. ͑1͒. For the transfer-to-orbit experiment, E is the spectral solar irradiance incident on the diffuser, and I is the incidence angle of the solar irradiance on the entrance aperture of the diffuser assembly. The incident irradiance for a solar measurement is calculated from a solar model and the Earth-Sun distance:
where E M, is the model irradiance at a distance of 1 astronomical unit ͑AU͒ and D ES is the Earth-Sun distance ͑in AU͒. For SeaWiFS, the relationship between the output of the instrument and the input spectral radiance is defined as
where the value of the DNs for the input radiance is DN, the value of the DNs for an input radiance of zero radiance is DN 0 , the calibration coefficient is k 2 ͑ g͒, g is the electronic gain for the measurement, and the calculated spectral radiance is L . The units for the calibration coefficient are in terms of spectral radiance per DN ͑mW cm Ϫ2 sr Ϫ1 m Ϫ1 DN Ϫ1 ͒. Equations ͑1͒-͑3͒ can be combined to give the equation for a SeaWiFS solar diffuser measurement at wavelength :
With finite spectral bandwidths, SeaWiFS can provide only an approximation to the spectral radiance at a single wavelength. For SeaWiFS, the spectral radiance from the measurement is approximated by the band-averaged spectral radiance. 4 In the SeaWiFS radiometric calibration equation, the calibration coefficient k 2 ͑ g͒ is defined in terms of the bandaveraged spectral radiance:
where L B is the band-averaged spectral radiance with units of mW cm
, R is the spectral response of the band, and 1 and 2 are the lower and upper limits of integration. These wavelengths are 380 and 1150 nm, respectively. They are the wavelengths over which the SeaWiFS photodiodes have a significant quantum efficiency. 9 The ratio of integrals in Eq. ͑5͒ gives the definition of the bandaveraged spectral radiance. For measurements of the solar irradiance at the top of the atmosphere ͑TOA͒ at the start of on-orbit operations, the output from each instrument band is
Equation ͑6͒ is a modification of Eq. ͑4͒, with the band-averaged spectral radiance substituted for the spectral radiance at a single wavelength and with the Earth-Sun distance and the instrument gain set to that for the TOA measurement. For measurements on the ground ͑GND͒ before launch, the calculation of the output from each band is nearly the same:
However, Eq. ͑7͒ contains the transmittance of the solar flux through the atmosphere T ͑dimension-less͒. The atmospheric transmittance spectrum is shown in Fig. 5 . The transmittance measurements were made with a solar radiometer possessing ten bands covering the spectral range of approximately 370 -1140 nm. On the basis of calibrations of the solar radiometer done before and after the transferto-orbit experiment, it is expected that the error in the atmospheric transmittances was approximately 3% or less at the measurement wavelengths. 12 Along with the measured barometric pressure at the ground, these transmittances were used to calculate the atmospheric transmittance spectrum at 1-nm intervals from 380 to 1150 nm, which is the wavelength range of the SeaWiFS spectral response measurements. For the ground measurements, there was also light from the sky illuminating the diffuser. We measured the amount of this light by blocking the direct solar flux using a disk that was supported over the diffuser. 12 Finally, during the ground measurements, the instrument was aligned so that the solar irradiance was normal to the input aperture of the diffuser. This allows the removal of the cosine of the zenith angle from the ratio of Eq. ͑6͒ to Eq. ͑7͒:
When we use the net counts from each band during the ground measurements ͑DN Ϫ DN 0 ͒ GND , it is possible to predict the net counts from each SeaWiFS band at the TOA at the start of SeaWiFS operations on orbit. This prediction requires knowledge of the Earth-Sun distance and use of a solar model ͑E M, ͒.
The choice of the model has little effect on the prediction because it is found in both integrals in Eq. ͑8͒. However, the atmospheric transmittance T is found only in the denominator of the equation. It is the major source of uncertainty in the transfer-to-orbit experiment.
The remaining terms in Eq. ͑8͒ come from the SeaWiFS band: the BRDF of the diffuser, the spectral response of the band, and the gain coefficients. To predict the net DNs at the TOA, it is assumed that these terms do not change. Figure 6 shows the ratios of the actual DNs from the SeaWiFS bands to the values predicted from the ground measurements. The mean value for these ratios is 1.013 and the standard deviation is 0.012. 12 There are four uncertainties in the transfer-toorbit experiment. 12 The first is the uncertainty in the atmospheric transmittances for the ground measurements, which is approximately 3%. The second is the uncertainty in the calculation of the amount of diffuse light blocked by the occulting disk during the ground measurements, which is estimated at approximately 0.25% of the DNs from that part of the experiment. The third is the uncertainty in the diffuser reflectance for the two parts of the experiment. This does not arise from the absolute value for the reflectance but from the difference in the angle of the solar irradiance for the two parts of the experiment. For the ground portion, the alignment was within 0.25°of the normal to the input aperture of the diffuser housing. For the measurements on orbit, the difference was within 2°. For the SeaWiFS diffuser, this leads to a change of approximately 0.5% in the BRDF for the two parts.
The fourth uncertainty arises from the correction for the changes in the instrument-diffuser system from the launch of SeaWiFS to the date of the first measurements of the Sun. 12 The corrections for these changes are approximately 1-2%. Because an extrapolation is required to determine these changes, the uncertainty in the corrections is estimated to be 1%. For the four uncertainties, the square root of the sum of the squares is approximately 3.2%. However, it is clear that the overall uncertainty is not known at the 0.10% percent level, so the uncertainty estimate for the experiment is set at 3%, which is the value of the principal uncertainty source.
For the SeaWiFS radiance-based calibration on orbit, 4 the results of the transfer-to-orbit experiment in Fig. 6 are not applied as corrections to the prelaunch calibration coefficients. Rather the 3% uncertainty from the experiment is combined with the 3% uncertainty from the prelaunch radiometric calibration to give an estimate of the uncertainty in the radiancebased calibration coefficients at the start of on-orbit operations. However, there is no mechanism in the transfer-to-orbit experiment to separate changes in the diffuser from changes in the instrument. In this regard, the transfer-to-orbit experiment works equally well to estimate the uncertainty in the reflectance of the SeaWiFS diffuser at the start of the Fig. 5 . Atmospheric transmittances during the ground portion of the transfer-to-orbit experiment. The symbols give the measurements from the sunphotometer. The curve gives the derived atmospheric transmittance spectrum. Fig. 6 . Results of the transfer-to-orbit experiment for the eight SeaWiFS bands. These are the differences of the on-orbit measurements of the Sun from those predicted from the ground measurements prelaunch. At the 3% level, there is no sign of change in the reflectance of the SeaWiFS diffuser from its laboratory characterization to the start of on-orbit operations.
SeaWiFS mission. For the diffuser, the 3% uncertainty in the laboratory characterization of the BRDF is combined with the 3% uncertainty in the transferto-orbit to estimate the uncertainty in the diffuser BRDF at the start of on-orbit operations.
Diffuser Changes on Orbit
Changes in the DNs from each SeaWiFS band during the diffuser measurements on orbit come from four sources: changes in the SeaWiFS instrument, changes in the Earth-Sun distance, changes in the incidence angle of the solar irradiance on the diffuser, and changes in the reflecting properties of the diffuser itself. A knowledge of the changes in the response of the instrument is fundamental to an understanding of the changes in the diffuser because the output from the solar diffuser measurements comes from the instrument-diffuser system. Longterm changes in the radiometric calibration of the SeaWiFS bands have been determined from measurements of the Moon. 4 Of course, the knowledge of the changes in the diffuser can never be as good as that of changes in the instrument itself, so the time period for this study is limited to the initial set of SeaWiFS measurements on orbit when the changes in the instrument and the diffuser are still relatively small. Results are given for the first 400 days after the launch of SeaWiFS, which correspond to the first year of on-orbit Earth observations. For SeaWiFS, the orbit raising and outgassing period preceding Earth observations took 34 days. To obtain the 400-day results, the time series for the instrument and diffuser changes were measured over 800 days, twice the period for the results. This was done to provide fitted curves for the time series that extend beyond the 400-day study period so that the curves are well behaved at the end of the study period. This was been done to provide an extended set of cycles of the change of the yaw angle of the solar irradiance on the diffuser to allow a better determination of those angular effects.
SeaWiFS was designed without the incorporation of a device, such as a ratioing radiometer, 16 to provide an independent determination of the time-dependent changes in the diffuser. Thus the solar measurements are made with the instrument-diffuser system, and the change in the diffuser over time can be determined no better than the change in the instrument itself.
In this section, the contributing factors to the timedependent changes in the solar diffuser measurements are removed from the measurement set until the changes in diffuser reflectance remain alone in the data set. The results here are shown for SeaWiFS band 1, which are equivalent to those for the other bands. Figure 7͑a͒ shows the uncorrected DNs for the solar diffuser measurements from SeaWiFS band 1. The values are uncorrected, except for the removal of the zero offset ͑DN 0 ͒. The offset is measured over part of each telescope rotation as the telescope views the black interior of the instrument housing. The data in Fig. 7͑a͒ are plotted versus the time ͑in days͒ after the launch of SeaWiFS. There is a period of 45 days between the launch of the instrument and the first solar measurement. Figure 7͑b͒ shows the DNs after the correction for the Earth-Sun distance and for the effect of temperature changes in the focal plane on the output of the band. Because the Sun underfills the field of view of the diffuser and the rest of the field of view is black, the amount of irradiance on the diffuser varies with the square of the EarthSun distance. The time dependence of the EarthSun distance ͑in AU͒ is know from astronomical almanacs, and the distance correction adjusts the DN from the diffuser measurement to that for the irradiance at a standard Earth-Sun distance of 1 AU. In addition, there is a direct connection between the Earth-Sun distance and the focal-plane temperature because the instrument is warmer when it is closer to the Sun. Figure 8͑a͒ shows the temperature of the focal plane for SeaWiFS band 1. For the other bands, the focal-plane temperatures are nearly identical to those in Fig. 8͑a͒ . The effect of the focal-plane temperature on the output of each SeaWiFS band is given by
where E FPT is the effect of the dependence ͑dimen-sionless͒, k 3 is the dependence factor ͑C Ϫ1 ͒, T is the focal-plane temperature ͑°C͒, and T REF is the reference temperature for the laboratory measurements of the effect ͑20°C͒. 9 The temperature-dependent correction is applied as the reciprocal of E FPT . Each band has its own k 3 factor, ranging from 0.000901°C Ϫ1 for band 1 to Ϫ0.001682°C Ϫ1 for band 8. The focal-plane temperature effect for SeaWiFS band 1 is shown in Fig. 8͑b͒ . The effects for the other bands scale according to the magnitude of k 3 .
For SeaWiFS measurements of the Earth, there is an additional instrument effect that involves the angle of incidence of the input radiance, relative to the angle of Earth measurements at nadir. 9 This effect is called scan modulation by the SeaWiFS Project. For the diffuser measurements presented here, the measurements are made at a fixed scan angle relative to nadir. And in the laboratory determination of the diffuser BRDF, the measurements of the SeaWiFS diffuser were referenced to the measurements of the PTFE diffuser located at the Earth nadir position. For these reasons, scan modulation is not part of the determination of the time-dependent changes in the reflectance of the diffuser-instrument system.
Long-term changes in the radiometric sensitivity of the SeaWiFS bands are determined by measurements of the Moon. 4 For SeaWiFS band 1, the change is given as an exponential curve that has a value of unity at the day of launch. The curve approaches a value of 0.988 at a time several years into the future. Each of the other SeaWiFS bands are also fitted to exponential curves, except for bands 3 and 4 ͑490 and 510 nm, respectively͒. It is assumed by the SeaWiFS Project that these bands change little over time, so they are fit to linear curves that are essentially constant with time. 4 The long-term time change in radiometric sensitivity for band 1 is shown in Fig. 9͑a͒ . This covers the first 800 days after launch. The fitted curves for the complete set of SeaWiFS bands are shown in Barnes et al. 4 At the time of this writing, the lunar measurement set extends beyond 1700 days from the launch of SeaWiFS. Figure 9͑b͒ shows the values in Fig. 7͑b͒ after their correction for the long-term change in the radiometric sensitivity of band 1. The correction is applied as the reciprocal of the exponential curve in Fig. 9͑a͒ .
The pitch and yaw angles of the solar irradiance at the input aperture of the diffuser housing are shown in Figs. 10͑a͒ and 10͑b͒. Because it is possible to time the diffuser measurements as the spacecraft passes over the Earth's South Pole, Fig. 10͑a͒ shows the pitch angles for the measurements to be essentially zero. However, the yaw angles in Fig. 10͑b͒ vary over the range of angles predicted in the prelaunch characterization of the instrument ͑see Fig.  3͒ . As shown in Fig. 3 , the yaw-angle dependence has a maximum at an angle near normal incidence ͑near zero degrees͒ on the diffuser assembly's input aperture.
With the removal from the data set of the other known effects causing cyclic changes of the order of one year ͑the Earth-Sun distance and the focal-plane temperatures͒, the yaw-angle dependence remains as the sole source of cyclic features in the time series. These features arise from the cyclic change in yaw angle on orbit, as shown in Fig. 10͑b͒ . For SeaWiFS, the measurements on orbit replace the partial, laboratory-based characterization of the BRDF in Barnes and Eplee. 10 As with the other characterizations of the SeaWiFS diffuser and diffuser assembly, the yaw-angle correction is performed at the system level, with the Sun as the source of input irradiance and the instrument as the monitor of changes in the output radiance. A determination of the pitch-angle dependence of the BRDF is not necessary because the diffuser measurements on orbit are constrained to a pitch angle of zero degrees. The procedure to determine the yaw-angle correction starts when we find a set of measurements where the angular response is close to its maximum, that is, for a yaw angle close to zero. In this procedure, the angle for this response is Ϫ1.5°. A line through the set of yaw angles at Ϫ1.5°is shown in Fig. 11͑a͒ . It passes through the yaw curve several times, whereas a line at 0°passes through the curve fewer times. Figure 11͑b͒ shows the values from Fig. 9͑b͒ , including the data points where the yaw angles are Ϫ1.5°. Figure 11͑b͒ also includes a cubic spline curve interpolating between the data points at Ϫ1.5°y aw. The cubic spline gives the best guess at the response of the diffuser measurement in the absence of the yaw-angle dependence. For dates preceding day 111 after launch, none of the data points intersect the Ϫ1.5°line. This makes spline interpolation for these data impossible, and they are removed from Fig. 11͑b͒ . Figure 12͑a͒ gives the diffuser measurements in Fig. 11͑b͒ , normalized by the corresponding values of the fitted spline curve. These results are plotted in Fig. 12͑a͒ versus the yaw angle of the measurement. The values in Fig. 12͑a͒ form a shape that is close to the one in Fig. 3 . This is an indication that the measurements on orbit follow the pattern predicted from the design of the instrument. In addition, Fig. 12͑a͒ contains a fourth-order polynomial curve fitted to the data points ͑the curve is hidden by the data points͒. The polynomial curve, by itself, is shown in Fig. 12͑b͒ . This curve is the basis for the correction of the yaw-angle dependence for SeaWiFS band 1.
The change in the incidence angle of the solar flux with yaw angle is a contributor to the results in Fig.  12 because the image of the Sun on the diffuser overfills the field of view of the instrument. This contribution is small, however, because the cosine of 6°is 0.995.
The maximum values of the yaw-angle dependence curves for the eight SeaWiFS bands are listed in Table 2 , which also includes the yaw angle for each maximum. In each case the angle falls within 1°of zero yaw. And in each case, the maximum value of the polynomial curve is slightly greater than unity but by less than 0.3%. For all the SeaWiFS bands, the yaw-angle responses presented here agree closely Fig. 9 . Correction for the long-term changes in the radiometric sensitivity of SeaWiFS band 1. ͑a͒ Band 1 response normalized to unity on the day of launch. 4 ͑b͒ Diffuser measurements after the correction for the change in the instrument response. The measurements without the correction for this change are shown in Fig. 7͑b͒ . with the response predicted at the SeaWiFS Critical Design Review 11 ͑see Fig. 3͒ . The yaw-angle correction is applied when the polynomial curve is normalized to a maximum value of unity and the values in Fig. 9͑b͒ are multiplied by the reciprocal of the resulting curve. This process is possible because each diffuser measurement has its own yaw angle.
The limitation of the pitch angles of the measurements to zero-degrees pitch and the correction of the yaw-angle effects back to zero-degrees yaw provide the response of the diffuser to illumination by the Sun normal to the plane of the entrance aperture of the diffuser assembly. This condition duplicates the angle of the incident flux during the laboratory characterization of SeaWiFS. In the laboratory calibration, a pressed PTFE diffuser was used as a calibration standard, and the SeaWiFS radiometer transferred that standard to the flight diffuser. On orbit, the conditions of the laboratory characterization have been duplicated, as closely as possible, and deviations from those conditions have been corrected, as closely as possible.
The resulting diffuser data set, shown in Fig. 13͑a͒ , gives the residual of the diffuser measurements after the effect of instrument changes, the Earth-Sun distance, and the yaw-angle dependence of the diffuser response were removed. With these effects removed, the changes in Fig. 13͑a͒ come from the changes in the BRDF of the diffuser itself for SeaWiFS band 1. The fitted curve from Fig. 13͑a͒ , without the data points, is shown in Fig. 13͑b͒ .
For each of the SeaWiFS bands, the fitted curve for the change in the diffuser reflectance has two parts. The first part is derived from a first-order polynomial fit to the values from day 46 after launch to day 72 after launch. This is the procedure used in the Fig. 11 . Band 1 solar diffuser measurements at Ϫ1.5°yaw angle. There are eight days for which the yaw angles are Ϫ1.5°, from day 111 after launch to day 799 after launch. ͑a͒ Yaw angles for the measurement set. The line connects to values at Ϫ1.5°yaw. ͑b͒ Band 1 measurements from day 111 to day 799. These measurements come from Fig. 9͑b͒ . The curve gives the spline interpolation of the DN on the eight days for which the yaw angle is Ϫ1.5°. Fig. 12 . Ratios of the band 1 diffuser measurements to the values at Ϫ1.5°yaw. The measurements for these plots come from Fig. 11͑b͒ . Because each measurement has its own yaw angle, the abscissas of these plots are given in terms of yaw. ͑a͒ Ratios to the values at Ϫ1.5°y aw. The ratios are fitted to a fourth-order polynomial. The fitted curve is hidden by the data points. ͑b͒ The fitted curve from Fig.  12͑a͒ . The maximum value for the curve is 1.001 at a yaw angle of Ϫ0.8°. For use as a correction factor, the curve is normalized to a maximum value of unity. transfer-to-orbit experiment. 12 On day 72, there was a problem with the constants for orbit determination uplinked to the satellite, which caused the satellite computer to shut down and go into safe haven. On day 80 after launch, regular solar measurements were restarted. There is no seamless transition in the solar diffuser measurements from day 72 to day 80 after launch, although the differences at the ends of the data gap are small. 12 The causes of these differences are not immediately obvious from the data set. For this reason, the data from day 46 to day 72 after launch are considered the best representatives for the trend in the diffuser measurements for the initial phase of on-orbit operation. And, as such, they provide the best basis for extrapolations to estimate the changes from the launch date to the start of solar diffuser measurements on day 46.
From day 80 to day 800 after launch, the measurement results are fitted to a ninth-order polynomial curve to smooth the time series, while the basic structure is maintained in the time-dependent changes. This is the second part of the fitted curve. There is no theoretical basis behind the choice of this order polynomial; however, as with Fig. 13͑a͒ for band 1 , the fitted curves for all eight bands lie within the scatter of the data. As stated above, only the first 400 days after launch are used in the reflectancebased calibration, whereas the fitted curves extend to 800 days. This truncation was designed, in part, to remove the curved tails that sometimes occur at the end points of polynomial fits. Such a tail is present in Fig. 13͑b͒ from day 770 after launch to day 800.
For each band, the two parts of the fitted curve are joined at the point ͑in days after launch͒ where the two parts intersect. For band 1 ͑Fig. 13͒, the intersection occurs on day 84 after launch. The average intersection point is 80 days after launch. In each case, the two parts of the fitted curve join together smoothly; that is to say, the change in slope of the fitted curve is small around the intersection point, as shown in Fig. 13. 
Gain Ratios
For measurements of the Earth ͑Earth mode͒, the DNs from the detectors are recorded over the range of telescope angles of Ϯ58°about Earth nadir. For calibration measurements ͑solar mode͒, DNs from the detectors are recorded over the range of 60 -175 deg from Earth nadir, with the solar diffuser measurements centered on the telescope angle of 90°from nadir. At an angle of 107°, the telescope rotates past the aperture of the solar diffuser, and the instrument views the dark interior of the instrument housing for the next 158°of telescope rotation. 17 Over a portion of the region where the telescope views the dark interior of the housing, the zero offsets for the instrument bands are determined. These values are applied to each scan from the instrument, whether in Earth or solar mode. They are inserted into each scan line from the instrument as the first datum and are subtracted from the measurements during ground processing. The curves are normalized to maximum values of unity before they are applied as corrections to the measurements on orbit. Fig. 13 . Band 1 solar diffuser measurements corrected for the effects of yaw-angle changes. In addition, the effects of the Earth-Sun distance and the changes in the long-term instrument response were removed. The results were fitted to two curves: a first-order polynomial from day zero to day 75; and a ninth-order polynomial for day 75 and longer. ͑a͒ Measured results and the fitted curves. For most of the panel, the fitted curves are hidden by the data points. ͑b͒ Fitted curves from Fig. 13͑a͒. For measurements in the solar mode, a calibration pulse is applied during a portion of the scan of the interior of the instrument housing, at angles from 125°to 135°from Earth nadir. For each band, the calibration pulse is a voltage that is generated with a zener diode and a resistor. This voltage is constant from scan line to scan line, and it is applied at the output of the transimpedance amplifier ͑current-tovoltage converter͒ for the photodiode. Because the photodiode is in the dark, its output is zero. The calibration pulse is inserted before the intermediate amplifier, which has the circuitry that determines the electrical gain.
For each SeaWiFS band, there are four electronic gains. Gain 1 is the standard gain for Earth measurements. Gain 2 has approximately twice the sensitivity ͑radiance units per DN͒ as gain 1. It has been designed to replace gain 1 if the radiometric sensitivity of the band has decreased to the point that the Earth measurements are quantization limited, that is, to the point where the DNs for the Earth measurements have become too small. At present, it is anticipated that gain 2 will never be used by SeaWiFS. Gain 3 has been designed for measurements of the Sun by use of the diffuser, and gain 4 has been designed for measurements of the Moon. However, for SeaWiFS band 2, measurements of the solar diffuser are best made with the standard gain for Earth measurements, gain 1.
For each band, measurements of an internally generated electronic calibration pulse provide DNs for a series of instrument configurations, including each of the gains for the band. 17 In the same manner as measurements of input spectral radiances, each DN value for the calibration pulse is corrected for the zero offset of the measurement. For each band, the gain ratios are calculated as the DN for each gain relative to the DN from the standard gain, gain 1. For the SeaWiFS solar measurements, the gain ratios for the eight bands are shown in Fig. 14. 
Calibration Coefficients
In the laboratory, a pressed PTFE plaque was used as a calibration standard, and the SeaWiFS instrument, acting as a transfer radiometer, transferred the reflectance of the plaque to the flight diffuser. On orbit, the conditions of the laboratory characterization have been duplicated, as closely as possible, and deviations from those conditions have been corrected, again as closely as possible. This allows use of the SeaWiFS radiometer as a transfer instrument a second time, this time from the flight diffuser to the Earth, which the instrument views as a source of reflected sunlight. The long-term changes in the reflectance of the flight diffuser and in the gain ratios for the solar measurements are slowly changing functions of time, which can be incorporated into the instrument calibration equation.
For SeaWiFS, the principal TOA reflectance product is the bidirectional reflectance factor ͑BRF͒ R E ͑t͒. The BRF is defined as the ratio of the radiant flux from a sample surface to that of an ideal diffuse standard surface irradiated in the same way as the sample. 18, 19 For an ideal diffuse surface, 18, 19 
Ϫ1
, and its BRF, by definition, is unity ͑dimensionless͒. Thus, for an ideal diffuse surface and for other surfaces as well, the conversion constant between BRDF and BRF has a value of steradians.
The BRF is the standard reflectance product for imaging of the Earth's surface by satellite instruments such as the Advanced Very High Resolution Radiometer ͑AVHRR͒ 20 and the moderate-resolution imaging spectroradiometer ͑MODIS͒. 21 The SeaWiFS TOA BRFs are also corrected for the cosine of the zenith angle. This correction accounts for the effect of the projection of the solar irradiance when it is not normal to the Earth's surface. This effect is fundamental to all reflectance measurements where the radiant flux from the surface overfills the field of view of the instrument. The equation that converts Earth-measured digital numbers ͑DN E ͒ into BRFs is
where F E ͑t͒ is the Earth BRDF, ͓DN͑t͒ Ϫ DN 0 ͑t͔͒ E are the Earth-view DNs corrected for instrument effects, D ES ͑t͒ is the Earth-Sun distance ͑in AU͒, and t is the time ͑in days͒ after the launch of SeaWiFS. The term cos͑ I ͒ is the cosine of the incident zenith angle I at time t. For Earth measurements of reflected sunlight, I is the solar zenith angle. During the laboratory characterization of the SeaWiFS diffuser, the effect of the incidence angle of the irradiance on the reference PTFE diffuser at the instrument's Earth aperture was also a factor. However, in the laboratory measurement, the irradiance was normal to the surface of the PTFE diffuser, and the cosine of the incidence angle was unity. In Eq. ͑10͒, the term k F ͑t 0 ͒ is the reflectance calibration coefficient at the time of the SeaWiFS launch ͑t 0 ͒. The coefficient is given in terms of the BRDF per DN ͑sr Ϫ1 DN Ϫ1 ͒, and the value of steradians converts the coefficient into the BRF. The terms ͓⌬ F ͑t͔͒ Ϫ1 and ͓⌬ G ͑t͔͒ Ϫ1 give the corrections for the changes in the reflectance of the diffuser and the gain ratio, respectively, over time. For each SeaWiFS band, the time dependence for the diffuser reflectance over the 400 days after the launch of SeaWiFS is given in Fig. 15 . The correction is the reciprocal of that time dependence. And as shown in Fig. 14 , the relative changes for the gain ratios are small, of the order of a few tenths of a percent. For use in Eq. ͑10͒, the gain ratios from Fig. 14 were normalized to unity at the launch date to provide the values for ⌬ G ͑t͒.
The reflectance properties of the Earth's surface and the atmosphere above it are complicated functions of the incident azimuthal and elevation angles of the solar irradiance ͑ I and I ͒ and of the scattered radiance ͑ S and S ͒. This is true of all reflecting surfaces. 12 As a result, the Earth reflectance term R E ͑t͒ contains the effects of these surface and atmospheric properties. The angles can be calculated from knowledge of the positions of the spacecraft, the Earth, and the Sun in a standard frame of reference for each Earth measurement, but the determination of the properties is outside of the calculation of R E ͑t͒. In addition, because each SeaWiFS band has a finite bandwidth, the measured reflectances must be considered as averages over these bandwidths. 12 The BRDF of the instrument diffuser varies smoothly and slowly with wavelength; however, any wavelengthdependent structure of the effective reflectance of the Earth's surface within the instrument's bandwidth is not known from these measurements.
The corrections to the Earth-view DNs in Eq. ͑10͒ include the standard instrumental corrections for SeaWiFS measurements on orbit. 9 However, the effect of the Earth-Sun distance is not a part of the standard procedure because it is not an effect arising from the internal operation of the instrument. For Fig. 14 . Gain ratios for the SeaWiFS solar measurements for the 400 days after launch. For band 2, the solar measurements are made at the standard gain for Earth measurements, gain 1. For the other bands, the measurements are made at gain 3. For each band, the ratios are determined from measurements of an internally generated electronic calibration pulse.
this reason, the Earth-Sun distance correction D ES 2 ͑t͒ is included as a separate term in Eq. ͑10͒, making the processing of the Earth-view and diffuser-view DNs identical.
The term ␣͑t 0 ͒ in Eq. ͑10͒ is applied as an initialization constant determined from surface-truth measurements by the Marine Optical Buoy ͑MOBY͒. 22 It has no time dependence, and it is dimensionless. The term is used in the standard processing stream for ocean color measurements, which are the primary products for SeaWiFS measurements. The initialization constant is required for the particular characteristics of ocean measurements, where the ocean is relatively dark and most of the TOA radiance comes from the atmosphere. 22 For land and atmosphere applications and for the TOA BRF, ␣͑t 0 ͒ is set to unity. 4 It is important to emphasize that ␣͑t 0 ͒ is provided by a vicarious calibration 22 in a process that is separate from the determination of the other coefficients in Eq. ͑10͒. It is not part of the on-orbit reflectancebased calibration of the instrument, and it is used only in the production of the ocean color data products. As a result, for the applications in this section, ␣͑t 0 ͒ is also given a value of unity.
The calibration coefficient k F ͑t 0 ͒ is written as
where F D ͑t 0 ͒ is the BRDF from Table 3 , DN D ͑t 0 ͒ is the diffuser DN at the launch date from Fig. 15 , and G R ͑t 0 ͒ is the gain ratio at the launch date from Fig. 14. At the SeaWiFS launch date, Eq. ͑10͒ reduces to
where both sides of the equation contain the ratio of the BRDF to the DNs in the measurement. The left-hand side of Eq. ͑12͒ has corrections for the solar zenith angle and the Earth-Sun distance. Both of these corrections were made in the calculation of DN D ͑t 0 ͒ on the right-hand-side of Eq. ͑12͒. However, DN D ͑t 0 ͒ must be corrected back to gain 1, which is the electronic gain for measurements of the Earth. Equation ͑12͒ can also be given in terms of BRF when we multiply both sides by steradians. The solar irradiance is a fundamental component of SeaWiFS measurements of the Earth and of the diffuser. However, it cancels from Eq. ͑12͒ because it is assumed that the irradiance is constant over the length of day t 0 . In a similar manner, the solar irradiance cancels from Eq. ͑10͒ because it is also assumed to remain constant over the first 400 days of SeaWiFS operations on orbit. And in a similar manner, the assumption of a constant solar irradiance is fundamental to use of the Moon to determine changes in the SeaWiFS instrument itself. 4 And, in an even broader sense, the assumption is fundamental for use of remote sensing from space to detect changes in the Earth over time. 23 The reflectance-to-DNs ratio at the time of launch is established as a calibration coefficient in the same manner as calibration coefficients for radiance are set up in the laboratory. There, the instrument views a calibrated radiance, and the measured DNs provide the denominator of the coefficient. However, for the reflectance characterization in the laboratory, the solar irradiance was not available, so the calibration coefficient was determined for the day that SeaWiFS entered orbit.
For the SeaWiFS instrument, measurements of the Moon provide the basis for determining changes in the instrument's radiometric sensitivity. This is expressed in the standard calibration equation for TOA radiance L T ͑t͒ from Eq. ͑13͒ of Barnes et al. 4 :
where k 2 ͑t 0 ͒ is the prelaunch radiometric calibration coefficient ͑in mW cm Ϫ2 sr Ϫ1 m Ϫ1 DN Ϫ1 ͒, ␤ and ␥ are dimensionless, and ␦ has the units of day
. The value of ␥ is within a few percent of unity. The values of ␤, ␥, and ␦ are fitted parameters derived from lunar measurements by SeaWiFS. 4 In an exponential manner, this lunar-based sensitivity factor decreases fractionally from a value of unity at t 0 to a value of ͑1 Ϫ ␤͒ for times far into the future. The correction for the change in radiometric sensitivity is applied as the reciprocal of the exponential change term.
As explained above, the changes in the diffuser reflectance cannot be known as well as the changes in the SeaWiFS instrument itself. As shown in Section 5, the change in the instrument's radiometric sensitivity ͕1 Ϫ ␤͓1 Ϫ ␥ exp͑Ϫ␦t͔͖͒ is a part of the calculation of ⌬ F ͑t͒. This knowledge allows the instrument change correction in Eq. ͑13͒ to be substituted for the reflectance and gain ratio change factors in Eq. ͑10͒. When this approach is taken, Eq. ͑10͒ becomes
The change coefficients ␤, ␥, and ␦ are the same as those in Eq. ͑13͒, and the other terms in Eq. ͑14͒ have counterparts in Eq. ͑10͒. As a calibration equation, Eq. ͑14͒ is not limited to the first 400 days after launch, as is Eq. ͑10͒, with its limitations on the duration of the time series for ⌬ F ͑t͒ and ⌬ G ͑t͒ from Sections 5 and 6. In addition, Eq. ͑14͒ gives a better correction for instrument change during the first 400 days than does Eq. ͑10͒. However, the analyses in Sections 5 and 6 are fundamental to the reflectance-based calibration because they determine the values DN D ͑t 0 ͒ and G R ͑t 0 ͒ for the calculation of the calibration coefficient k F ͑t 0 ͒.
Concluding Remarks
The SeaWiFS transfer-to-orbit experiment 12 was based on a prediction of the DNs from the instrument at the time of the insertion of the instrument into orbit. In that experiment, there were minimal corrections to the DNs from orbit. There were no corrections for the temperatures of the focal planes or for the yaw angle of the on-orbit measurements. These corrections were included in the uncertainties for that experiment, and they were considered small with respect to the uncertainty in the atmospheric transmittance for the ground measurements. 12 The measurement results for DN D ͑t 0 ͒ in Table 3 include the on-orbit instrumental effects. As such, they provide an update to the results of the transfer-to-orbit experiment. In addition, the updated comparison of the predicted values for the start of the SeaWiFS mission and of their measured counterparts for the same time is shown in Table 4 .
For the transfer-to-orbit experiment, the effect of the Earth-Sun distance was applied to the predicted digital numbers DN P ͓see Eq. ͑14͒ of Barnes et al. 12 ͔. This was done to eliminate the need for this correction to the measured DNs from orbit. Thus, for the transfer-to-orbit experiment, 12 the measurements from orbit were reported without the Earth-Sun distance correction. Because the Earth-Sun distance was 1.015 AU at the start of the SeaWiFS mission on orbit, the predicted DNs for the transfer-to-orbit experiment ͑DN P ͒ were reduced by 3%. However, the values for DN D ͑t 0 ͒ in Tables 3 and 4 have a correction for the Earth-Sun distance included in their calculation ͑see Section 5͒. They are corrected to an EarthSun distance of 1 AU. Thus the 3% correction to DN P in the transfer-to-orbit calculations becomes redundant here. This is the reason for the D ES 2 ͑t 0 ͒ factor in Table 4 and the 3% increase in the values for DN CORR relative to DN P .
The results in Table 4 show the measured DNs to average 0.6% lower than the predicted values with a standard deviation of 1.0%. For the transfer-toorbit experiment, the measured DNs averaged 0.8% higher than the predicted values with a standard deviation of 0.9%. 12 In both cases, the results fall within the 3% uncertainty of the experiment. Thus the results of the reflectance calibration of SeaWiFS presented here do not change the basic results of the transfer-to-orbit experiment from Barnes et al. 12 Other Earth-observing satellite sensors use their solar diffusers as the basis for the radiance-based calibration of their measurements. 24, 25 This type of calibration requires a knowledge of the characterization of the diffuser plus knowledge of the magnitude of the solar spectral irradiance to provide a reference spectral radiance from the surface of the diffuser. Thus, with use of a solar irradiance model, it is also possible to use the reflectance-based calibration of SeaWiFS as the basis for a radiance-based calibration of the instrument at the start of on-orbit operations. In addition, there are three other prelaunch radiance-based calibrations of SeaWiFS. The first is based on measurements of an integrating sphere by the instrument manufacturer in 1993 26 ; the second is based on measurements of a different integrating sphere four months before the launch of SeaWiFS in 1997 3 ; and the third is the prelaunch SeaWiFS solar radiation-based calibration 5, 6 performed outdoors at the instrument manufacturer's facility with the Sun used as the light source. For SeaWiFS, the calibration in 1997, just before launch, is the basis for the instrument's on-orbit calibration. 4 The internal consistency of these four radiance-based calibration techniques is discussed in the companion paper. 27 Finally, one of the most fundamental land products derived from satellite measurements is the normalized difference vegetation index ͑NDVI͒. The index is based on the reflectance of chlorophyll pigment in the visible and near-infrared portion of the electromagnetic spectrum. Green leaves have a reflectance of less than 20% in the wavelength region from 500 to 700 nm, but approximately 60% in the range from 700 to 1300 nm. 28 The differential reflectance in these two wavelength regions can be used to derive many data products, ranging from land cover classification 29 to net primary production by the photosynthetic biosphere. 30 For the most recent reprocessing of the SeaWiFS data set ͑reprocessing 4, June 2002͒, a NDVI product has been added to the set of standard SeaWiFS data products. For SeaWiFS, NDVI is calculated from the surface BRFs of the 670-and 865-nm bands by the equation where R S ͑865͒ is the surface BRF at 865 nm, that is, the TOA reflectance corrected for atmospheric effects. For land products, the approximation to the surface BRF is derived when we correct for the effects of light absorption by atmospheric gases including ozone and water vapor and for atmospheric molecular scattering. For SeaWiFS land measurements, there is no correction for the effects of atmospheric aerosols.
The SeaWiFS Project is currently working on the implementation of the enhanced vegetation index ͑EVI͒ used by the MODIS Science Team. 31 This index is an empirically modified NDVI that uses a blue band ͑at 443 nm͒ as a correction to the red band for atmospheric aerosol scattering. The EVI equation takes the form
where C 1 and C 2 have values of 6.0 and 7.5, respectively. The EVI also contains an empirically derived adjustment factor L for surface effects, such as the reflectance of soil in the measured sample. The value for L is unity. Currently, the EVI is a test product by the SeaWiFS Project. However, the MO-DIS Science Team has used SeaWiFS measurements to test their vegetation indices. 32 In addition, SeaWiFS has the capability of producing a similar threeband vegetation index proposed for use by the MERIS ͑medium resolution imaging spectrometer͒ Project. 33 The reflectance-based calibration of SeaWiFS provides a natural starting point for these vegetation indices. However, SeaWiFS was developed as an ocean color imager, with a primary geophysical product of water-leaving radiance. As a result, the principal calibration product for SeaWiFS is TOA radiance, based on a prelaunch calibration with an integrating sphere. 4 For this calibration, the conversion to a TOA BRF requires use of a solar irradiance model, which incorporates an additional source of uncertainty in the reflectance product. The project currently ͑reprocessing 4, June 2002͒ uses the solar model of Neckel and Labs 34 to convert TOA radiance to reflectance. Testing of the reflectancebased calibration presented here for use in the next SeaWiFS reprocessing is under way.
